Nephronophthisis-related ciliopathies (NPHP-RCs) are developmental and degenerative kidney diseases that are frequently associated with extrarenal pathologies such as retinal degeneration, obesity, and intellectual disability. We recently identified mutations in a gene encoding the centrosomal protein SDCCAG8 as causing NPHP type 10 in humans. To study the role of Sdccag8 in disease pathogenesis, we generated a Sdccag8 gene-trap mouse line. Homozygous Sdccag8 gt/gt mice lacked the wild-type Sdccag8 transcript and protein, and recapitulated the human phenotypes of NPHP and retinal degeneration. These mice exhibited early onset retinal degeneration that was associated with rhodopsin mislocalization in the photoreceptors and reduced cone cell numbers, and led to progressive loss of vision. By contrast, renal histologic changes occurred later, and no global ciliary defects were observed in the kidneys. Instead, renal pathology was associated with elevated levels of DNA damage response signaling activity. Cell culture studies confirmed the aberrant activation of DNA damage response in Sdccag8 gt/gt -derived cells, characterized by elevated levels of gH2AX and phosphorylated ATM and cell cycle profile abnormalities. Our analysis of Sdccag8 gt/gt mice indicates that the pleiotropic phenotypes in these mice may arise through multiple tissue-specific disease mechanisms.
syndrome (OMIM 266900), Bardet-Biedl syndrome (BBS; OMIM 209900), Joubert syndrome (OMIM 213300), and orofaciodigital syndrome (OFD; OMIM 311200).
We recently showed that mutations in serologically defined colon cancer antigen 8 (SDCCAG8) cause nephronophthisis type 10, characterized by retinal and renal degeneration, mild intellectual disability, obesity, hypogonadism, and recurrent respiratory infections in humans. 3, 4 Because several of the clinical features are shared with BBS, with the exception of the absence of polydactyly, individuals with SDCCAG8 mutations are also considered as part of the BBS spectrum. 3, 4 SDCCAG8 encodes a coiled-coil domain protein with no additional conserved domains. 5 The protein localizes to the centrioles throughout the cell cycle, 3, 5 to the basal body of cilia, and also to the spermatocytes in the rat testis. 3, 6 Immunohistochemical analysis of retina has shown SDCCAG8 colocalization with retinitis pigmentosa protein 1 (RP1), retinitis pigmentosa GTPase regulator (RPGR), and retinitis pigmentosa GTPase regulator interacting protein 1 (RPGRIP1) in the connecting cilium of the photoreceptors. 3, 7 Biochemical studies have demonstrated SDCCAG8 homodimerization and direct interaction with two ciliopathy proteins: (1) OFD1 and (2) family with sequence similarity 161, member A (FAM161A). 3, 5, 8 Despite the data on SDCCAG8 protein localization and its interaction partners, the precise molecular function at centrosomes and cilia remains unknown.
We recently demonstrated that mutations in the gene encoding the centrosomal protein CEP164 cause NPHP-RC whose pathogenesis involves defects in the DNA damage response (DDR) signaling pathway. 9 The same study also implicated SDCCAG8 in this pathway through its colocalization with CEP164 and Tatinteractive protein 60 in the cell nucleus. 9 Indeed, there is a wealth of evidence in the literature that implicates centrosomal protein function in the regulation of genome stability, including the NPHP-RC proteins AHI1, 10 NIMA-related kinase 8 (NEK8/ NPHP9), 11 and the SDCCAG8-interacting protein OFD1. 12, 13 To study the role of Sdccag8 in the pathogenesis of NPHP-RC, we generated a transgenic Sdccag8 gt/gt mouse model. We demonstrate that Sdccag8 gt/gt mice recapitulate aspects of the human disease phenotype. Furthermore, we show that Sdccag8 is involved in cell cycle S-phase progression and its loss leads to replication stress-related DDR activation.
RESULTS

Generation of Sdccag8 gt/gt Mice
To investigate the function of the Sdccag8 gene, the embryonic stem cell line OST40418 containing the gene-trap cassette VICTR24 in the intronic region downstream of Sdccag8 exon 1 (Supplemental Figure 1A ) was microinjected and founders were bred. Allele-specific primers were used to genotype the mice (Supplemental Figure 1 , A and B). Mice carrying the gene-trap allele are referred to as Sdccag8 gt . The absence of Sdccag8 mRNA was verified by quantitative RT-PCR analysis using RNA isolated from embryonic day 13.5 (E13.5) Sdccag8 gt/gt mouse embryonic fibroblasts (Supplemental Figure 1C) . Immunoblotting (Supplemental Figure 1D) confirmed the absence of Sdccag8 protein from lung and kidney lysates of Sdccag8 gt/gt mice. Two isoforms of the Sdccag8 protein (78 kD and 83 kD) were detected in Sdccag8 wt/gt kidneys (Supplemental Figure 1D ). 3 Sdccag8 gt/gt mice were present at Mendelian ratios at weaning age, indicating that the Sdccag8 gene-trap allele does not cause embryonic or early postnatal lethality.
Sdccag8 Is Expressed in Kidney and Lung Epithelia
Mutations in SDCCAG8 were previously reported to affect two parenchymal organs in humans, the kidneys and the lungs, causing nephronophthisis and, infrequently, bronchiectasis. 3, 4 To understand the underlying pathogenetic mechanisms, we first examined the expression pattern of Sdccag8 in these organs by taking advantage of the lacZ cassette in the Sdccag8 gene-trap allele. b-Galactosidase activity staining of wild-type and Sdccag8 wt/gt whole urogenital systems at E16.5 showed strong Sdccag8 expression in the corticomedullary region of the Sdccag8 wt/gt kidneys ( Figure 1A ) and no staining in the wild-type control (Supplemental Figure 2A) . Examination of the X-gal-stained kidney sections at higher resolution showed staining in the renal tubule epithelia in a pattern compatible with the distal convoluted tubule (DCT) and cortical collecting ducts (CCDs) ( Figure 1B ). Sdccag8 expression in the collecting ducts was also observed in postnatal P14 and P100 kidneys by in situ hybridization ( Figure 1 , C and D), whereas the sense probe showed no staining (Supplemental Figure 2 , B and C). In the lung, X-gal staining in Sdccag8 wt/gt mice at E16.5 showed Sdccag8 expression in the epithelium of the developing bronchi and bronchioles ( Figure 1E ). Examination of lung sections at higher resolution confirmed this observation and further showed that the blue lacZ + cells were interspersed with lacZ 2 cells in the bronchioles ( Figure 1F ). No b-galactosidase staining was detected in the epithelial cells of alveoli-the terminal ends of the airways, which do not have cilia ( Figure 1F , delineated with dashed line). To determine whether the lacZ + cells in the lung epithelium represent the multiciliated cells, we performed immunofluorescence analysis on E16.5 CETN2-GFP mouse lung sections using the cilia marker anti-polyglutamylated tubulin antibody and anti-SDCCAG8 antibody. CETN2-GFP fusion protein localizes to centrioles, 14 which are presented in hundreds of copies in the multiciliated cells of the respiratory epithelium. 15 Because centriologenesis precedes multiciliogenesis, almost no cilia were detected in E16.5 distal bronchioles (Supplemental Figure 2 , D-F), as previously described. 16 However, we found that the CETN2-GFP-positive structures ( Figure 1G ) in the progenitors of the multiciliated cells fully overlapped with SDCCAG8 antibody staining in E16.5 bronchioles ( Figure 1, H and I) . Together, this analysis demonstrates that Sdccag8 is expressed in the embryonic and postnatal kidney in a pattern that partially overlaps with the localization of ciliated cells in these tissues. In lung Sdccag8 is expressed in the prospective multiciliated cells, whereas Sdccag8-negative cells most likely represent the nonciliated intercalating goblet cells.
Sdccag8
gt/gt Mice Develop Late-Onset Nephronophthisis Given the Sdccag8 expression pattern in the kidney, we next examined whether loss of Sdccag8 causes nephronophthisis. The first histologic signs of cyst formation and interstitial infiltration, features that are characteristic of nephronophthisis, were detected at P100 in Sdccag8 gt/gt kidneys ( Figure 2 , A-C). The initial cyst formation occurred primarily in the cortical region of the kidneys (Figure 2 , B and C), with either no amount ( Figure 2G ) or a small amount ( Figure 2H ) of interstitial infiltrate surrounding the dilated tubules. At P250, the renal histology appeared progressively deteriorated with enlarged cortical cysts, cyst formation in the corticomedullary region, dedifferentiation of the corticomedullary junction, and replacement of the renal parenchyma by interstitial infiltrate ( Figure 2 , D and E). In addition to tubular cysts, glomerular cysts were also observed in Sdccag8 gt/gt kidneys at P250 (Figure 2 , I-K). There was no difference in kidney weight to body weight ratio in Sdccag8 gt/gt mice at P100; however, the mutant kidneys were significantly enlarged by P250 ( Figure  2L) . Similarly, the mean value of the cystic index was significantly increased between P100 and P250 ( Figure 2M ). We next examined the extent of renal fibrosis in Sdccag8 gt/gt kidneys using Masson trichrome staining (Figure 3, A-D) . In a majority of P100 Sdccag8 gt/gt kidneys, no collagen deposits were detected ( Figure 3 , B and E), which is in agreement with the limited amount of interstitial infiltrate seen by histologic staining ( Figure 2G ). By contrast, the P250 Sdccag8 gt/gt kidneys displayed extensive fibrosis ( Figure 3D ), which was significantly increased between P100 and P250 kidneys ( Figure 3E ).
To identify the tubular origin of the cysts, we stained P100 kidney sections using nephron segment-specific antibodies. Staining with a proximal tubule marker Lotus tetragonolobus agglutinin lectin (LTA; Figure 3 , F-I), a DCT marker, and thiazide sensitive Na-Cl cotransporter (TSC) (Figure 3 , J and K), a distal tubule/collecting duct marker Dolichos biflorus agglutinin (DBA) (Figure 3 , F and G), revealed that the cysts in Sdccag8 gt/gt kidneys originated from two sites-the CCD ( Figure 3G ) and the DCT ( Figure 3K ). Costaining with an antibody against a-smooth muscle actin that labels the fibrogenic myofibroblasts in Sdccag8 gt/gt kidneys demonstrates that both CCD and DCT cysts were surrounded by interstitial fibrosis ( Figure 3 , I and K). We examined whether Sdccag8 gt/gt mice have defective cilia in the cystic CCDs, by staining kidney sections with antibodies against the cilia marker acetylated tubulin and CCD marker aquaporin 2. No global ciliary abnormalities in the Sdccag8 gt/gt CCDs were observed (Supplemental Figure 3 , A and B). Deregulation of cytoskeletal rearrangements has been implicated in the pathomechanisms of polycystic kidney disease. 17 We tested this hypothesis on Sdccag8 gt/gt mouse embryonic fibroblasts using a wound healing assay, but found no changes in their ability to regulate cytoskeletal rearrangements when grown in two-dimensional culture (Supplemental Figure 3 , C and D).
Taken together, our data show that Sdccag8 gt/gt mice present late-onset nephronophthisis characterized by cyst formation in the DCT, CCD, and glomeruli. Cyst formation was not associated with global ciliary defects in the kidney. There was a marked fibrosis around the renal cysts.
Loss of Sdccag8 Causes Photoreceptor Degeneration in Sdccag8
gt/gt Mice Mutations in SDCCAG8 cause retinal degeneration in humans. 3 To study the disease progression in Sdccag8 gt/gt mice, we performed retinal histologic analysis in mice aged P30, P100, and P250 days ( Figure 4 , A-C). Although the retina appeared to have formed normally, we observed a slight reduction of the photoreceptor layer at P30 ( Figure 4A ). No other retinal abnormalities were detected at this stage. The retinal phenotype became more severe at P100 ( Figure 4B ) and complete loss of the photoreceptor cell layer occurred by P250 ( Figure 4C ). We performed electroretinography measurements to study the physiologic consequences of the observed histologic changes in the retina. Sdccag8 gt/gt mice displayed a progressive decline in electroretinography wave amplitudes from P100 to P250, which were in tight correlation with the degree of histologic defects at the respective ages (Supplemental Figure 4, A and B) . SDCCAG8 localization to the photoreceptor connecting cilium is regulated by RPGRIP1. 7 Because Rpgrip1 2/2 mice show a defect in photoreceptor protein trafficking, 18, 19 we hypothesized that loss of SDCCAG8 may also lead to impaired protein trafficking in the photoreceptors. To test this hypothesis, we stained Sdccag8 gt/gt retinas with an antibody against rhodopsin that localizes to the photoreceptor outer segment and against CEP164 that labels the photoreceptor basal body. Consistent with a defect in protein trafficking, rhodopsin accumulated to the plasma membrane of the photoreceptor inner segment and cell bodies in Figure  4C ). Thus, our data indicate that Sdccag8 is not essential for retina development and photoreceptor formation, but is required for the maintenance of both rod and cone photoreceptor cells. Loss of Sdccag8 leads to progressive retinal degeneration and blindness.
Loss of Sdccag8 Leads to Impaired S-Phase Progression
We and others have shown that the pathogenesis of renal ciliopathies and renal fibrosis may involve mutations in genes that modulate cellular response to DNAdamage, such as ZNF423, CEP164, FAN1, and NEK8. 9, 11, 20 We recently demonstrated that SDCCAG8 colocalizes with CEP164 and Tat-interactive protein 60, an activator of the DDR regulator ATM. 9, 21 However, it remained unaddressed whether SDCCAG8 functions in the context of DNA damage response signaling. To test this hypothesis, we first examined whether loss of Sdccag8 causes cell cycle abnormalities as a result of checkpoint activation by performing FACS analysis on conditionally immortalized adult kidney cells from Immorto; Sdccag8 wt/wt and Immorto;Sdccag8 gt/gt mice. To perform the experiments, cells were grown at 37°C without g-IFN to exclude any interference from the large T antigen (Supplemental Figure  5A ). Cell cycle analysis showed that Sdccag8 gt/gt cells accumulated in the S phase. The number of bromodeoxyuridine (BrdU)-positive S-phase cells was increased from 18% in wild-type cells to The kidney weight to body weight ratio is not changed in Sdccag8 gt/gt mice at P100 (mean wt/wt 1.66760.09516, gt/gt 1.73260.09247); however, the ratio is significantly increased in P250 Sdccag8 gt/gt mice (mean wt/wt 1.55460.07007, gt/gt 2.15160.08878; *P,0.05). (M) The kidney cyst index is low in P100 Sdccag8 gt/gt mice (mean 4.27062.024), but is greatly increased and with noticeable variation in P250 mice (mean 21.9168.662; *P,0.05). H&E, hematoxylin and eosin; wt, Sdccag8 wild-type allele; gt, Sdccag8 gene-trap allele; KW/BW, kidney weight to body weight ratio. Bar, 2 mm in A-E; 100 mm in F-K.
24.5% in Sdccag8
gt/gt cells ( Figure 5 , A and B), and this figure was further increased from 23.4% in wild-type cells to 33.6% in Sdccag8 gt/gt cells after treatment with 30 J ultraviolet (UV) light, indicating that loss of Sdccag8 affects primarily S-phase progression and makes the cells more sensitive to UV light-induced DNA damage. To study the cell cycle defect in more detail, we synchronized the cells with a double thymidine block and treated them with 4.5 U/ml bleomycin or 30 J UV light. After release from the block, Sdccag8 gt/gt cells progressed in the S phase more slowly and remained in the S phase longer than wild-type cells ( Figure 5C ). Treatment with 30 J UV light further extended the S-phase duration, and bleomycin had a slightly milder effect (Figure 5C) . Interestingly, G2/M checkpoint activation was not impaired in Sdccag8 gt/gt cells because treatment with bleomycin or UV light arrested both wild-type and Sdccag8 gt/gt cells in the G2/M checkpoint ( Figure 5D ). There was also no difference in the levels of apoptosis between wild-type and mutant cell lines after treatment with bleomycin or UV light, although treatment with 30 J UV increased the apoptotic index compared with nontreated cells (Supplemental Figure 5 , B and C).
We next examined whether replication stress in Sdccag8 gt/gt cells leads to the activation of DDR signaling. There was a significant increase in the levels of phosphorylated H2AX (gH2AX) and ATM (S1987) proteins in Sdccag8 gt/gt cells, indicating activation of DDR signaling pathway in these cells ( Figure 5 , E and F). Treatment with bleomycin drastically increased the phosphorylation of either protein, both in wild-type and Sdccag8 gt/gt cells. In addition, Sdccag8 gt/gt cells demonstrated increased proliferating cell nuclear antigen protein levels, consistent with their prolonged stay in the S phase ( Figure 5E ).
We next asked whether the in vitro findings of abnormal DDR signaling activation in Sdccag8 gt/gt cells can also be detected under in vivo conditions. We stained Sdccag8 gt/gt and control kidneys with gH2AX antibody at P100 ( Figure 5 , G-J) and P250 ( Figure 5 , K-N) and indeed found increased nuclear gH2AX staining in the tubular and interstitial compartments of Sdccag8 gt/gt kidneys. The gH2AX-positive nuclei were observed in the dilated tubules at P100 ( Figure 5 , I and J), whereas nondilated tubules were also positive for gH2AX staining at P250 ( Figure 5 , M and N), likely indicating a more general tubular stress in more fibrotic kidneys. 20 Together, these data suggest that Sdccag8 has an important role in DNA damage signaling and its loss leads to replication stress and slower S-phase progression during the normal cell cycle. Furthermore, Sdccag8 gt/gt kidneys display elevated levels of gH2AX, implicating impaired DDR in their pathogenesis. . aSMA-FITC staining shows the myofibroblasts surrounding the affected tubules. wt, Sdccag8 wild-type allele; gt, Sdccag8 gene-trap allele; a-SMA, a-smooth muscle actin. Bar, 100 mm in A-D; 100 mm in F-K.
DISCUSSION
We generated Sdccag8 gt/gt mice to study the role of Sdccag8 in nephronophthisis type 10. Sdccag8 gt/gt mice faithfully recapitulate the human SDCCAG8 loss of function phenotypes of retinal degeneration and nephronophthisis. Through morphologic analysis of Sdccag8 gt/gt mice and functional studies using cell culture assays, we show that SDCCAG8 is important for photoreceptor maintenance and cell cycle regulation, impairment of which leads to blindness and aberrant DDR signaling activation through replication stress.
Sdccag8 and Degenerative Phenotypes
Sdccag8 expression was previously localized to the retina and testis. 3, [6] [7] [8] Our studies using the Sdccag8 lacZ gene-trap allele and SDCCAG8 antibody staining show Sdccag8 expression in the multiciliated cells of the respiratory epithelium and in the DCTs and collecting ducts of the kidney. These expression domains are consistent with the recorded tissue pathologies in individuals with SDCCAG8 mutations. 3 Our ability to detect lacZ expression only in the ciliated cells most likely reflects higher Sdccag8 promoter activity in ciliated cells. It does not, however, exclude that Sdccag8 is not expressed in nonciliated cells, whose levels may be below the detection limit of our b-galactosidase staining activity. 3 Our histologic analysis of the kidneys showed that Sdccag8 gt/gt mice displayed a classic nephronophthisis phenotype at P100, with the cystic dilations originating from the DCTs and CCDs. Compared with other mouse models of nephronophthisis, [22] [23] [24] [25] the onset of the renal phenotype in Sdccag8 gt/gt mice occurred relatively late. The process of cyst formation appeared to coincide with interstitial fibrosis that surrounded the glomeruli and nephrons. In progressively later stages, tubular dilations were also observed in the Bowman's capsule of glomeruli. Curiously, no global cilia defects were observed in the cystic renal tubule cells. Similar results were obtained in in vitro studies using a spheroid assay, in which loss of Sdccag8 did not affect cilia numbers. 3, 26 However, it remains to be studied whether the cilia in Sdccag8 gt/gt collecting ducts have deficiencies in some aspects of cilia function, such as mechanosensation as shown for polycystic kidney disease or in loss of transition zone integrity. 27 Retinal degeneration in Sdccag8 gt/gt mice progresses slower than in the mouse model of its protein interactor RPGRIP1, 19 but similarly to that of its other interaction partners RP1 and RPGR. 28, 29 This suggests that RPGRIP1 functions upstream of Sdccag8 in photoreceptor cilia, which is in agreement with a recent report of RPGRIP1-dependent ciliary localization of SDCCAG8. 7 Although photoreceptor formation in Sdccag8 gt/gt mice appeared intact, the absence of Sdccag8 led to accumulation of rhodopsin in the photoreceptor inner segments and cell bodies at P30. This study did not address whether rhodopsin mislocalization was caused by structural defects in the connecting cilium or whether SDCCAG8 is directly involved in rhodopsin trafficking. Rhodopsin mislocalization to photoreceptor inner segments is known to be toxic for the photoreceptors due to membrane crowding resulting in retinal degeneration. 30, 31 Our data are consistent with this mode of retinal pathogenesis and indicate a role for Sdccag8 in intraciliary trafficking. Immunohistochemical and functional analysis showed that both rod and cone photoreceptors were affected in Sdccag8 gt/gt mice, demonstrating that Sdccag8 is essential for the survival and maintenance of both rods and cones, similar to RPGR function. 29 
Sdccag8 and DDR Signaling
Examination of the molecular defects underlying the pathogenesis in Sdccga8 gt/gt mice using cell culture revealed abnormalities in cell cycle progression as a result of activation of DDR signaling, characterized by hyperactivation of ATM and elevation of gH2AX levels. Increased DDR signaling activity was also observed in Sdccag8 gt/gt kidneys, implicating DDR signaling in the pathogenesis of NPHP-RCs. Impaired DDR signaling is associated with degenerative diseases such as Seckel syndrome, which is caused by mutations in genes encoding for other centrosomal and DDR proteins such as ATR, 32 pericentrin, 33 CEP152, 34 or CEP63. 35 Pathologically, Seckel syndrome shares with NPHP-RC the phenotype of premature degeneration and fibrosis of parenchymal organs, including the kidney. 36 Because kidneys are constantly exposed to genotoxins, they are especially prone to lesions caused by impaired DDR signaling. Increased susceptibility to genotoxins was previously reported for the Ahi1 2/2 mouse model of NPHP-RC, 10 and genome instability because of the loss of survivin was reported in Pkd1
, and Tg737
Orpk/Orpk isolated primary cells. 37 Mutations in a related ciliopathy NEK8/NPHP9 were recently shown to lead to replication stress-related DDR signaling activation. 11 Our data are consistent with a model in which Sdccag8 has an important role in S-phase progression during the normal cell cycle, in which it could facilitate DNA replication from the stalled replication forks; however, the molecular analysis required to answer this question is extensive and will be the focus of future work. It remains to be tested whether treatment of Sdccag8 gt/gt mice with cyclin-dependent kinase inhibitors, such as R-roscovitine or S-CR8, reverses or attenuates the renal cyst progression in Sdccag8 gt/gt mice as has been shown for jck/Nphp9 2/2 and Pkd1 2/2 mice. 38, 39 CONCISE METHODS
Mouse Breeding and Maintenance
The experimental protocol was reviewed and approved by the Animal Care Committee of the University of Michigan. Embryonic stem cell line OST40418 containing gene-trap vector VICTR24 in intron 1 of Sdccag8 was obtained from Texas Institute for Genomic Medicine and cultured as described with the use of ESGRO (EMD Millipore). 40 Chimeric mice were prepared by blastocyst microinjection and bred with C57BL/6J mice to obtain germline transmission. Genotyping primers and PCR conditions are available upon request. CETN2-GFP mice were purchased from The Jackson Laboratory (stock number 008234). ImmortoMouse mice were purchased from Charles River Laboratories (strain code 238). Sdccag8 wild-type or heterozygous littermates were used as controls for mutant mice. For timed matings, noon on the day a plug was found was designated as E0.5.
Histologic Analyses
Tissues were fixed in 4% (w/v) paraformaldehyde in PBS at 4°C. All tissues were then dehydrated through an ethanol series and embedded in paraffin. Sections were taken at 5 mm. Hematoxylin and eosin staining followed standard protocols. b-Galactosidase activity staining was carried out on whole tissues as previously described. 41 b-Galactosidase-stained tissues were cleared in glycerol for imaging or embedded in paraffin and sectioned at 10 mm.
Cystic Index and Fibrosis Index Calculation
Representative images of hematoxylin and eosin-stained or Masson trichrome-stained kidneys were acquired. A grid was placed over the images, and the cystic index or fibrosis index was calculated as the percentage of grid intersection points that bisect cystic and noncystic or fibrotic and nonfibrotic areas.
Electroretinography
To assess rod-and cone-mediated function, electroretinograms were performed using the Espion e 2 recording system (Diagnosys) as with anti-gH2AX antibody on P100 Sdccag8 wt/wt and Sdccag8 gt/gt kidneys shows no gH2AX staining in control kidneys (G and H), whereas the dilated tubules (red dashed lines) in Sdccag8 gt/gt kidneys are positive for gH2AX (I and J). (K-N) P250 Sdccag8 wt/gt kidneys are negative for gH2AX staining (K and L), while Sdccag8 gt/gt kidneys show positive staining in dilated and nondilated nephron epithelium (red dashed lines) and fibrotic mesenchyme (M and N). wt, Sdccag8 wild-type allele; gt, Sdccag8 gene-trap allele; PCNA, proliferating cell nuclear antigen. Bar, 25 mm in G-J; 20 mm in K-N. previously described. 42 After overnight dark adaptation, mice were anesthetized with an intraperitoneal injection of ketamine (93 mg/kg) and xylazine (8 mg/kg). Body temperature was maintained at 37°C with a heating pad. After pupil dilation with topical phenylephrine (2.5%) and tropicamide (1.0%), corneal electroretinograms were recorded from both eyes using gold wire loops and a drop of 2% methylcellulose for corneal hydration. A gold wire loop placed in the mouth was used as reference, and the ground electrode was placed on the tail. The dark-adapted electroretinogram was recorded from 25.8 to +1.09 log cdzszm 22 /flash in steps of 0.5 log units. After 10 minutes of light adaptation to a white 32 cdzm 22 rod-suppressing background, light-adapted electroretinograms were recorded from 20.91 to +2.0 log cdzs zm
22
. Ten to 25 responses were recorded at 3-60 seconds depending upon the stimulus intensity intervals.
Antibodies
For immunostaining, tissues were deparaffinized and hydrated through a graded ethanol series. Antigen retrieval was carried out in heated antigen retrieval buffer (pH 8, SIG-31910-50; Covance). Primary antibodies used were as follows: rabbit polyclonal anti-CEP164 (gift from Erich Nigg, University of Basel, Switzerland), rabbit polyclonal anti-SDCCAG8 (13471-1-AP; Proteintech), rabbit polyclonal anti-SDCCAG8 (ab101969; Abcam, Inc.), mouse monoclonal anti-g-tubulin (GTU-88; Sigma-Aldrich), anti-acetylated tubulin (6-11B-1; Sigma-Aldrich), rabbit anti-Aquaporin 2 (ab15081; Abcam, Inc.), rabbit polyclonal anti-TSC (AB3553; EMD Millipore), peanut agglutinin lectin-FITC (Vector Laboratories), lectin Lotus tetragonolobus agglutinin (Vector Laboratories), anti-aSMA-FITC (1A4; Sigma-Aldrich), anti-gH2AX (9718; Cell Signaling), rabbit anti-ATM (S1981, 5883; Cell Signaling Technology), mouse monoclonal anti-rhodopsin (R5403; Sigma-Aldrich), rat antiproliferating cell nuclear antigen (ABIN334654; Antibodies Online), mouse anti-b-actin (AC-15, A5441; Sigma-Aldrich), rabbit antihistone H2A.X (070627; EMD Millipore), and mouse monoclonal anti-polyglutamylated tubulin (T9822; Sigma-Aldrich). Secondary antibodies were goat anti-mouse Alexa Fluor 488 (Molecular Probes) and goat anti-rabbit Alexa Fluor 594 (Molecular Probes). Samples were mounted in ProlongGold (Molecular Probes) and images were captured on a Leica TSC 5SP X confocal microscope (Leica Microsystems).
Generation of Mouse Embryonic Fibroblasts and Immortalized Adult Kidney Cells
Mouse embryonic fibroblasts were established from wild-type and Sdccag8 gt/gt E13.5 embryos and cultured in DMEM with 10% FBS and penicillin/streptomycin. Isolation of immortalized adult kidney cells from P50 Immorto;Sdccag8 wt/wt and Immorto;Sdccag8 gt/gt mouse kidneys was performed as previously described. 43 
RNA Extraction and Quantitative RT-PCR
RNA was isolated from wild-type, Sdccag8 wt/gt , and Sdccag8 gt/gt mouse embryonic fibroblast cells and adult kidney cells using the RNeasy Mini Kit (Qiagen), and RT was performed using Superscript III (Invitrogen). Quantitative real-time PCR was carried out using SYBR Green (Qiagen) and run on a MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.).
Data were normalized to Gapdh. Primer sequences are available upon request.
Western Blotting
Lung and kidney tissues were lysed in radioimmunoprecipitation assay lysis buffer (Pierce) and homogenized with a douncer. Cleared tissue lysates were produced by centrifugation of the resulting samples at 16,0003g for 30 minutes at 4°C. Gel electrophoresis of tissue lysates and immunoprecipitation eluents were performed using the NuPAGE system (Invitrogen). Samples were resolved on 4%-12% Bis-Tris gels in 3-(N-morpholino)propanesulfonic acid buffer and transferred to a nitrocellulose membrane that was then probed for the protein of interest using antibodies diluted in Tris-buffered saline containing 5% milk and 0.1% Tween-20 (Sigma-Aldrich).
Apoptosis FACS
To quantify apoptosis, wild-type or Sdccag8 gt/gt cells were plated and incubated with or without thymidine. After two overnight thymidine blocks, cells were released and damage was induced by 1-hour 4.5 U/ml bleomycin or 30 J UV exposure. After 24 hours, cells were harvested and washed once with 1% BSA-PBS. Cells were collected in FACS tubes in 200 ml 1% BSA-PBS containing Vybrant DyeCycle Violet Stain (V35003, 1:1000; Invitrogen) to stain living and apoptotic cells (7 minutes at 37°C) and 7-AAD viability stain (00-6993, 1:60; eBioscience) to stain dead cells (10 minutes on ice). Cells were measured (20,000 events) with a BD FACSCanto II flow cytometer and analyzed using BD FACSDiva Software.
BrdU FACS
To quantify cell cycle phase distribution, wild-type or Sdccag8 gt/gt cells were plated and incubated with or without thymidine. After double overnight thymidine block, cells were released and damage was induced by 30 J UV exposure. After 6-or 10-hour release of thymidine block, cells were incubated with 10 mM BrdU for 30 minutes and fixed in 70% EtOH. Samples were stained for FACS analysis with BrdU mouse mAb (clone MoBU-1), Alexa Fluor 647 conjugate (1:200; Invitrogen) in 0.1% BSA-PBS-T for 1 hour on ice, and 49,6-diamidino-2-phenylindole (1:2000) in PBS, and were measured (10,000 events) with a BD FACSCanto II flow cytometer and analyzed using BD FACSDiva Software.
Statistical Analyses
The t test was used to compare data between two groups. Significance was determined at P,0.05. Where appropriate, data are presented as the mean6SEM.
